Abstract N-Glycosylation has long been linked to protein folding and quality control in the endoplasmic reticulum (ER). Recent work has shown that O-linked glycosylation and the corresponding glycosyltransferases also participate in this important function. Notably, Protein O-fucosyltransferase 1 (Ofut1/Pofut1), a soluble, ER localized enzyme that fucosylates Epidermal Growth Factor-like (EGF) repeats, functions as a chaperone involved in the proper localization of the Notch receptor in certain contexts. Pofut2, a related enzyme that modifies Thrombospondin type I repeats (TSRs), has also been hypothesized to play a role in the folding and quality control of TSR-containing proteins. Both enzymes only modify fully folded substrates suggesting that they are able to distinguish between folded and unfolded structures. Pofuts have known physiological relevance and are conserved across metazoans. Though consensus sequences for O-fucosylation have been established and structures of both Pofuts have been studied, the mechanism of how they participate in protein folding is not known. This article discusses past and recent advances made in novel roles for these protein O-glycosyltransferases.
Introduction
The structure of a protein is key to its identity and activity. This three-dimensional structure can be modified and regulated by the addition of a variety of moieties ranging from inorganic phosphates to sugars. Some modifications are reversible and are used as switches to regulate protein function while some others irreversibly alter the structure, and hence function, of proteins. Most types of glycosylation are irreversible and have structural influences on their target protein.
Glycosylation can occur on side chains of several different amino acids and can be categorized based on the type of linkage between the sugar and amino acid. There are four types of glycosylation: N-linked, which occurs on the amide group of asparagines; O-linked, which occurs on hydroxyl groups of serines, threonines, hydroxyproline, hydroxylysine and tyrosines; C-linked, which occur on tryptophans, and S-linked, which occur on cysteines [1, 2] . The first two types, N-and O-linked are the most common type of carbohydrate modifications found on proteins in mammals [3] .
N-Linked glycosylation occurs on the majority of secreted and cell-surface proteins. In addition to having direct effects on the structure and function of proteins, it plays an important role in folding and quality control [4] . N-glycosylation is initiated by the co-or post-translational transfer of the oligosaccharide Glc 3 Man 9 GlcNAc 2 from dolichol-pyrophosphate to asparagine residues in the sequence N-X-(S/T) (where X cannot be proline) by the multi-enzyme complex Oligosaccharyltransferase (OST) [4] . The terminal glucose residues are immediately removed by glucosidases I and II (GI/II) to generate a Glc 1 Man 9 GlcNAc 2 glycan. This monoglucosylated glycan is recognized by ER chaperones calnexin (CNX, membrane associated) and/or calreticulin (CRT, soluble), which assist in folding of the protein. After a folding cycle, GII removes the remaining glucose residue to generate a Man 9 GlcNAc 2 glycan. If the protein is properly folded, it exits the ER. If not, exposed hydrophobic patches on the misfolded protein are recognized by the enzyme UDP-glucose: glycoprotein glucosyltransferase (UGGT), which adds a glucose back to recreate the Glc 1 Man 9 GlcNAc 2 glycan, allowing the protein to enter another folding cycle with CNX and/or CRT. UGGT has the unique property of being able to distinguish between properly and improperly folded proteins, a key characteristic for an enzyme involved in quality control. This cycle is iterated until the protein is properly folded or the protein cannot be folded and is targeted for degradation by the ERAD system [5] . Of course, there are several other chaperones, including disulfide isomerases, that are involved in this process and that intimately interact with the components of the N-glycan pathway. Once the folded proteins exit the ER, the N-glycans are further processed in the Golgi by other enzymes to generate complex or hybrid type structures.
The most common type of O-glycosylation is the addition of GalNAc to the hydroxyls of serine or threonine, forming the core structure for what is commonly called mucin-type glycosylation [6] . Several other forms of O-linked glycosylation exist, including O-GlcNAc, O-xylose, O-glucose, O-galactose, O-mannose, and O-fucose, [7] two of which (O-mannose and O-fucose) have been implicated in quality control or protein folding. Work by several groups suggests that protein O-fucosyltransferases have chaperone-like effects on their substrates. Here we summarize results from this work and propose a model for the action of these fucosyltansferases on their substrates. We also highlight the role of O-mannosylation in the clearance of misfolded proteins from the ER in yeast. However, this mechanism is specific to yeast and has not been demonstrated in higher organisms.
O-Fucosylation: an overview
O-Fucosylation is the addition of a fucose moiety to the hydroxyl side chain of a serine or threonine residue. It was originally identified in 1975 as an amino acid glycoside, Glcβ1-3Fuc-O-Ser/Thr, isolated from human urine [8] . However, it was not until 1990 that the first protein modified with an O-linked fucose was identified: urokinase [9] . In the following years, O-fucose was observed on several proteins, including clotting Factors VII, IX and XII [10, 11] . On human Factor IX, the O-fucose is elongated to a tetrasaccharide structure: NeuAcα2-6Galβ1-4GlcNAcβ1-3Fuc [12] . Since all these proteins were modified at the same location on a common cysteine-rich motif called an Epidermal Growth Factor-like repeat (EGF repeat), a consensus sequence for O-fucosylation was proposed [13] , where the O-fucose could be elongated to the Glcβ1-3Fuc disaccharide or the NeuAcα2-6Galβ1-4GlcNAcβ1-3Fuc tetrasaccharide [14] . The subsequent discovery of the Glcβ1-3Fuc disaccharide on a different cysteine-rich motif, Thrombospondin Type 1 Repeats (TSRs) [15] , suggested there may be two independent O-fucosylation pathways. Identification of the enzymes involved in addition of these sugars to EGF repeats and TSRs confirmed that there are two distinct pathways for O-fucosylation [16] (Fig. 1) .
EGF repeats are cysteine-rich motifs around 40 amino acids long and were first identified in Epidermal Growth Factor itself [20] . They are found in a wide variety of cell-surface and secreted proteins (nearly 200 in the Uniprot database). EGF repeats have six conserved cysteines that form three disulfide bonds, and the consensus sequence for O-fucosylation is found between the second and third cysteine (Fig. 1 ). Database searches with this consensus in the context of an EGF repeat predict over 80 proteins in the human genome to be modified by Pofut1 (Table 1) . Several proteins in this list have been demonstrated to be O-fucosylated, including transmembrane receptors such as Notch, extracellular matrix proteins such as agrin, and soluble clotting factors like Factor VII, IX and XII. The Notch family of receptors has more O-fucosylation sites than any other protein in the databases, and Notch Ofucosylation has been extensively studied [27] .
O-Fucosylation on EGF repeats is catalyzed by Protein O-fucosyltransferase 1 (Pofut1 in mammals, Ofut1 in flies) [28, 29] . This modification can be extended to a tetrasaccharide by the addition of an N-acetylglucosamine, galactose and sialic acid (in that order) by the enzymes Fringe (a β3-N-acetylglucosaminyltransferase), β4-galactosyltransferase-1 and α3/6sialytransferase, respectively (Fig. 1) . It should be noted that O-fucose is only extended to a disaccharide in flies [30] . Elimination of Pofut1/Ofut1 in mice or flies results in embryonic lethality with severe Notch-like phenotypes, suggesting O-fucosylation is required for proper [16] . Both motifs contain 6 conserved cysteine residues. The consensus sequence for each motif is shown. The modified residue occurs between the second and the third cysteine of the EGF repeat (C 2 and C 3 ), while it occurs between the first and second, or second and third cysteine of a TSR, depending on whether it is a Type II or Type I TSR, respectively [17] . The O-fucose on TSRs is elongated by β3-glucosyltransferase (β3GlcT) [18, 19] . O-Fucose on EGF repeats is extended by Fringe, β4-galactosyltransferase 1 (β4GalT-1) and α2-3/6-sialytransferase (α3/6SiaT) [16] Notch function [31] [32] [33] [34] . Of the over 80 putative targets of Pofut1 (Table 1) , the effects of O-fucosylation on Notch are the best studied, although O-fucosylation of agrin is also essential for clustering of acetylcholine receptors [23] . Elongation of O-fucose on Notch by the Fringe-family of β3-N-acetylglucosaminyltransferases modulates Notch activity, increasing or decreasing Notch response to ligand binding depending on context [27, 35, 36] . Addition of the galactose and sialic acid has additional subtle modulatory effects on Notch in mammalian systems [37] [38] [39] . In addition to O-fucosylation, EGF repeats on Notch can be modified with N-glycans, O-glucose, O-xylose and O-GlcNAc [25, [40] [41] [42] . O-Glucosylation on EGF repeats is also essential for Notch function [43, 44] . It also occurs within a consensus sequence (C 1 XSXPC 2 ), and is catalyzed by Protein O-glucosyltransferase (Poglut1 in mammals, Rumi in flies) [42, 43] .
Interestingly, the originally identified Glcβ1-3Fuc disaccharide in human urine, which prompted many of the studies in the field, was not found on an EGF repeat but on a different cysteine-rich domain known as a Thrombospondin type I repeat (TSR). Thrombospondin type I repeats were originally named as one of the domains in the multi-domain matricellular protein Thrombospondin 1 (TSP1) [17] . They are found in many secreted or cellsurface proteins (~65 in humans) and are typically Cterminal tandem repeats. TSRs are about 60 amino acids in length and like EGF repeats, are defined by six cysteines that form three disulfide bonds, although in a distinct pattern. O-Fucose is added to TSRs by Protein O-fucosyltransferase 2 (Pofut2), a distant homologue of Pofut1 [16, 45] . The O-fucose on TSRs can be extended to a disaccharide by the addition of glucose by the enzyme β3-glucosyltransferase (β3GlcT) (Fig. 1) [18, 19] . Pofut2 knockout mice display early embryonic lethality with significant defects in gastrulation [46] whereas mutations in β3GlcT in humans (gene-name B3GALTL) cause a developmental disorder called Peters Plus syndrome [47] . Comparison of sites of O-fucosylation on TSRs has led to a proposed consensus sequence for modification ( Fig. 1 ). Database searches with this consensus predict that the majority of TSR-containing proteins (50 of 65 in humans) are targets for Pofut2 (Table 2) . O-Fucosylation has also been mapped to specific sites on several TSR-containing proteins including TSP1 [15] , TSP2 [49] , F-spondin [48] , Properdin [48] , ADAMTS5 [51] , ADAMTS13 [50] , and ADAMTSL1 [52] . Most of these proteins have known biological roles and several have pathological associations. In addition to O-fucosylation, TSRs frequently (96 % of all known TSRs) contain the consensus sequence for C-mannosylation [15, 48] . C-Mannosylation occurs on tryptophan residues present within the consensus sequence Trp-X-X-Trp. The enzyme catalyzing C-mannosylation was recently identified in C. elegans, DPY19 [53] . Four human homologues exist (DPY19L1-4 [54] ). C. elegans DPY19 and mouse DPY19L1 are known to play roles in neuronal Based on the current consensus sequence (Fig. 1) , a search restricted to the human database using ScanProsite predicts over 80 potential targets of Pofut1. Several of these targets have been confirmed using mass spectrometry or other methods (bold) [ [53] . Human DPY19L2 expression is linked to globozoospermia while deletions lead to infertility [53] .
Ofut1 acts as a chaperone in the localization of the Notch receptor
Pofut1 was first purified from Chinese hamster ovary (CHO) cells in 1998 and demonstrated to transfer an O-fucose on to a bacterially expressed EGF repeat from Factor IX in vitro [29] .
To evaluate the importance of residues in the consensus sequence, Wang et al. tested the activity of purified enzyme against several point mutants of the Factor IX EGF repeat. The consensus sequence for this particular EGF repeat is CLNGGSC and at the time, it was thought that the glycines were necessary for recognition by Pofut1. Mutating the glycines to alanines either singularly or in pairs resulted in formation of several folding isomers of the EGF repeat that could be separated by reverse phase HPLC, only one of which served as a substrate for Pofut1. These results suggested that while the glycines in EGF repeat may affect the efficiency of folding, they were not required for O-fucosylation (broadening the consensus sequence as shown in Fig. 1 ). This study also provided the first piece of evidence that Pofut1 could distinguish between misfolded and properly folded structures. Subsequently, the gene encoding POFUT1 was cloned from the human genome [28] and homologues were identified in several species enabling studies in model organisms such as Drosophila and mice [31, 33, 34] . The sequence predicted that Pofut1 is a soluble protein with a C-terminal RDEF (KDELlike) sequence. Cell biological studies confirmed that Pofut1/ Ofut1 is a soluble ER-associated enzyme [55, 56] . This unique localization of Pofut1 to a folding compartment and the data suggesting it can differentiate between folded and unfolded structures led to the suggestion that Pofut1 may play a role in protein folding or quality control [55] .
A potential role of Pofut1/Ofut1 as a chaperone in Notch folding arose during studies examining how elimination or reduction in levels of the enzyme affects Notch activity in mice or flies [27, 56, 57] . Knockdown of Ofut1 in Drosophila wing discs or S2 cells resulted in loss of cell surface Notch and accumulation in the ER, supporting a chaperone-like activity for Ofut1 [56] . In an independent study, Sasamura et al.
showed that Ofut1 deletion resulted in loss of endosomemediated trafficking of Notch in flies [58] . Interestingly, both defects were rescued by expressing a catalytically inactive mutant of Ofut1, suggesting that the chaperone-like activity and the fucosyltransferase activity of Ofut1 are distinct. Consistent with this observation, deletion of an essential gene in the GDP-fucose biosynthetic pathway resulted in a Fringelike phenotype in flies, suggesting that the addition of Ofucose to Notch is necessary as a substrate for Fringe but not for the proper localization of the Notch protein [59] . These results indicate that Ofut1 has a chaperone-like activity necessary for the folding and trafficking of Notch in Drosophila that does not require its fucosyltransferase activity. Different results have been obtained in studies on Pofut1 in mammalian systems. Stahl et al. observed that ES cells lacking Pofut1 had reduced Notch activity but normal cell-surface levels of Notch proteins, suggesting that in these cells, Pofut1 does not function as a chaperone. Similarly, while Lec13 CHO cells (bearing a mutation in the GDP-fucose biosynthetic pathway) showed reduced Notch signaling, the Notch receptor was properly localized to the cell surface [57] . They also demonstrated that catalytically inactive Pofut1 did not rescue Notch localization and signaling defects in Pofut1 −/− ES cells. In another study, elimination of Pofut1 in lymphoid precursors caused a minor reduction in cell surface Notch but a nearly complete loss of ligand binding [60] . In contrast, cell surface Notch1 was significantly reduced in the presomitic mesoderm of Pofut1 null mice [61] . These contrasting observations suggest a more refined role for Pofut1 that maybe influenced by the ER environ of the cells in question. Different cells have distinct complements of chaperones, which may substitute for the chaperone effect on Pofut1/Ofut1 in certain contexts. While the cell biology of Pofut1/Ofut1 indicates a chaperone function for the protein, the exact mechanism for this effect has not been described. The crystal structure of C. elegans Pofut1 showed the enzyme to have a classic GT-B fold formed by two Rossman domains [62] . GDP-fucose, the donor substrate in an O-fucosylation reaction, binds at the base of a large pocket nested between these two domains large enough to accommodate an EGF repeat ( Fig. 2A) . This structure suggests a preferred order of substrate binding, with GDP-fucose binding first followed by the EGF repeat. Using a mutagenesis approach, Lira-Navarrette et al. were able to determine residues that are important for catalytic activity and substrate binding. Although the structure clearly shows that The consensus sequence for O-fucosylation by Pofut2 can be between either cysteine 1 and 2 or cysteine 2 and 3 of a TSR. Database searches of the human proteome using the current consensus sequence (Fig. 1) using ScanProsite predicts that Pofut2 has 50 potential targets in humans, and work by multiple groups has shown some of these to be modified with O-fucose (bold) [15, [48] [49] [50] [51] [52] the enzyme recognizes a folded EGF repeat, it does not suggest an obvious mechanism for the chaperone effect of the enzyme.
Pofut2: a novel quality control mechanism for TSR folding?
Pofut2 was identified based on sequence homology with Pofut1 and shown to specifically modify TSRs but not EGF repeats [45] . Like Pofut1, Pofut2 is a soluble protein that localizes to the ER, but it is not known how it is retained in the ER since it lacks a C-terminal KDEL sequence [45] . Also like Pofut1, Pofut2 only modifies properly folded substrate, suggesting it can distinguish between folded and unfolded structures [45] . Two Pofut2 targets, ADAMTS13 and ADAMSL1, require O-fucosylation for efficient secretion [50, 52] . ADAMTS13, the von Willebrand factor cleaving protease, has eight total TSRs, seven of which have consensus sequences for O-fucosylation [50] . In mature ADAMTS13, all seven TSRs are modified in high stoichiometries with the fucose-glucose disaccharide. Preventing fucosylation, either by mutating the hydroxyl amino acids in one or more of the tandem TSRs, reducing Pofut2 levels by siRNA-mediated knockdown, or reducing GDP-fucose levels, had similar effects on ADAMTS13 secretion [50] . Similar observations were made for ADAMTSL1, a secreted protein with unknown function [52] . Elimination of Pofut2 in mice results in embryonic lethality with severe defects during gastrulation [46] . A simple hypothesis for this lethality is that elimination of Pofut2 results in a global secretion defect for its targets ( Table 2 ), and that one or more of these targets is essential for early stages of development. These results suggest that Pofut2 may function in quality control during folding of TSRcontaining proteins.
A recently published crystal structure of Pofut2 offers more insight into substrate recognition, specificity, and catalytic activity [63] . Chen et al. were able to obtain crystal structures of the enzyme alone and the enzyme in a complex with GDPfucose. Similar to Pofut1, Pofut2 has two large Rossman-like folds with a GDP-fucose binding pocket in between (Fig. 2B) . This pocket also binds TSRs and the docked structure of the enzyme and substrates suggests that GDP-fucose must bind to Pofut2 prior to TSR binding. The crystal structures provided important information about Pofut2 residues involved in donor and substrate binding, and mutations in several of these residues confirmed that they were involved in GDP-fucose binding (Asp297 and Arg294) and catalysis (Glu54). In order to understand how Pofut2 recognizes and binds to its substrates, key elements in a TSR interacting with the enzyme were identified. The docked TSR suggests that only a portion of the TSR fits in the binding cleft (Fig. 2B) . Chen et al. constructed a synthetic "mini-TSR" molecule with sufficient structural resemblance to the portion of the TSR that is predicted to bind to the enzyme and demonstrated it could be TSR A B Fig. 2 Crystal structure of Pofuts docked with their respective substrates.
A. Pofut1 contains two Rossman-like folds with the GDP-fucose binding pocket nested deep between them [62] . The pocket is large enough to hold an EGF as well. Docking with human Notch EGF12 suggests a preferred order of substrate binding, with the GDP-fucose binding first. The modification site on EGF12 (Thr466) is indicated, demonstrating it is in close proximity to the active site. Used with permission from [62] . B. Pofut2, similar to Pofut1, has a substrate binding pocket large enough to hold GDP-fucose and a TSR [63] . In addition to the substrate-binding pocket, Pofut2 has a second hydrophobic patch (indicated by red arrow) that allows for binding to an additional (adjacent) TSR. Used with permission from [63] fucosylated by Pofut2 (Fig. 3A) . Of the thirty residues in this "mini-TSR", ten are conserved (including the consensus sequence for fucosylation), nine are solvent exposed (hence are not predicted to interact with Pofut2) and the remaining show great variability across known TSRs (Fig. 3B ) [63] . They hypothesize that the substrate binding pocket accommodates the expected features of a TSR, but also has "large cavities" to make room for variable residues. Based on the results that reduction in Pofut2 or GDPfucose levels result in secretion defects of TSR-containing proteins like ADAMTS13 or ADAMTSL1 [50, 52] and that Pofut2 recognizes one face of the TSR, [63] a possible model describing the role of Pofut2 in the folding of TSRs can be drawn (Fig. 4) . This model is an extension of a previous model we have proposed [64] but takes into account the observations from the structural studies. TSRs have six cysteines that need to be paired for proper folding (Fig. 4-i ). An unfolded TSR can go through several folding isomers with various cysteines paired, correctly or incorrectly (Fig. 4-ii) . In the redox environment of the ER, we propose that these folding intermediates exist in equilibrium (reversible arrows, Fig. 4-ii) . Since Pofut2 can distinguish between folded and unfolded TSRs, once a partial but accurately folded structure is formed, Pofut2 may fucosylate this substrate (Fig. 4-iii) [16, 63] . The generation of a partially folded fucosylated substrate would cause a shift in the folding equilibrium, driving the folding reaction forward by mass action (thickened arrow, Fig. 4-iv) . Perhaps the most interesting structural feature of Pofut2 is the presence of a second substrate-binding patch (arrow in Fig. 2B ), which suggests the ability of the enzyme to interact with an adjacent protein motif. Since TSRs usually occur as tandem repeats, this may be especially important in the functioning of Pofut2 in folding of proteins such as ADAMTS13, which has 8 tandem TSRs.
Parts of the Pofut2 model may be true for Pofut1 as well since both enzymes recognize properly folded substrates, although this model suggests that both fucosyltransferase activity and GDP-fucose are necessary for the chaperone effect of Pofut2. This differs from the observations for Ofut1 in Drosophila where the fucosyltransferase activity appears to be independent of its chaperone activity [56, 59] . Chang et al. have studied the folding of EGF, which bears strong structural resemblances to EGF repeats [65] . They propose that oxidative folding processed through a stable 2-disulfide intermediate, which results in a kinetic trap for the folding. Extrapolating these observations for EGF repeats, it is possible that Pofut1 relieves this stable intermediate through an unknown mechanism. In vitro analysis of EGF repeat and TSR folding coupled with single molecule studies should shed more light on this subject.
O-mannosylation as a marker for terminating protein folding
The O-mannose modification has been known for over 40 years [66] . A family of enzymes called Protein Omannosyltransferases (Pmt), which are widely conserved between prokaryotes and eukaryotes, catalyze this modification on serines and threonines [67] . Unlike O-fucosylation, no strict consensus sequence for O-mannosylation has yet been identified. Pmts are ER-resident membrane proteins and many organisms have more than one homolog with redundant functionality [68] . They differ from most other Fig. 3 Schematic of the part of TSR that interacts with Pofut2. A. Truncated TSR4 from F-spondin used in experiments to demonstrate essential structural elements required for substrate recognition by Pofut2 [63] . B. Distribution of various residues of a TSR involved in enzyme-substrate reaction. Of about 30 sites involved in enzyme interaction, 10 are conserved (amongst known Pofut2 substrates), 9 are solvent exposed, and the rest have highly variable side-chains. While specific residues in the active site interact with the conserved regions of the TSR, large cavities in the substratebinding pocket can accommodate the variable side chains [63] glycosyltransferases in that they utilize dolichol-linked donor substrates rather than nucleotide sugars. Most organisms have multiple Pmts; S. cerevisiae has six family members (Pmt1p-6p) and mammals have two (Pomt1, 2). In yeast, lethality resulting from the deletion of particular combinations of Pmts is thought to be due to loss of cell wall integrity [69] . In mammals, the best characterized substrate for Pmts is α-Dystroglycan (α-DG). α-DG is a transmembrane protein that is part of the dystrophin glycoprotein complex in skeletal muscle. Mutations in the O-mannosylation pathway results in muscular dystrophies which are explained by impaired α-DG function [70] .
In addition to its function as a structural modification on proteins, O-mannosylation occurs on misfolded proteins in the ER of yeast [71, 72] . Mutant proteins with low folding efficiencies have been used as models to demonstrate that protein aggregates can be solubilized by modifying them with O-mannose. These misfolded proteins are eventually cleared by ER-associated degradation (ERAD) mechanisms. Recently, Xu et al. used engineered GFP to elegantly demonstrate that the amount of time spent by a mutant protein in the ER influences its O-mannosylation and clearance [73] . They also showed that modification with O-mannose reduced the ability of misfolded protein to associate with chaperones, thus terminating "futile protein folding cycles". Collectively, these observations outline an Unfolded Protein O-mannosylation (UPOM) pathway for the clearance of misfolded protein in yeast. It remains to be investigated how Pmts recognize their unfolded substrates and mannosylate them.
Conclusions
The majority of work in protein folding is focused on chaperones and the N-glycosylation pathway that assist generic substrates. The discovery of chaperones like Pofut1 and Cosmc raises the possibility that there are domain-dedicated ER chaperones. Cosmc is a protein-specific molecular chaperone involved in the folding of the β3-galactosyltransferase, T-synthase [74, 75] . Tissue specific deletion of Cosmc in mice results in misfolding of T-synthase, resulting in the loss of the T antigen and overproduction of the Tn antigen. The abnormalities observed in these mice correlate with human pathologies associated with Tn antigen defects [75] . Pofuts act on a longer list of targets, but are domain specific. Reduction or elimination of either Pofut1 or Pofut2 results in strong phenotypes in mice or flies with associated mislocalization of target proteins [50, 52, 58, 61] . Together with the fact that the Pofuts can distinguish between folded and unfolded structures, these results suggest that at least in some contexts, Pofuts play key 
(iv) Fig. 4 A model for Pofut2 in the folding of TSRs. Every unfolded TSR has six unpaired cysteines (orange circles) that must pair correctly (i) to be considered folded and ready for secretion. The unfolded TSR may exist as many different folding intermediates (ii) in equilibrium (double headed arrows). When an accurate, but only partially folded, structure is formed, Pofut2 recognizes this as a substrate and modifies it with a fucose (iii). The ability of Pofut2 to recognize and modify a mini-TSR supports this idea [63] . Since Pofut2 is an efficient enzyme, this reaction happens comparatively rapidly (thickened arrows) thus shifting the folding equilibrium. This drives the folding reaction forward leading to the formation of a fully folded, fucosylated TSR (iv) roles in protein folding. Nonetheless, little is known about the molecular mechanisms mediating this activity. In addition to O-fucosylation, EGF repeats are modified by Protein O-glucosyltransferase (Poglut1) with an O-linked glucose [25, 43, 44] . Similar to Pofuts, Poglut1 only modifies properly folded EGF repeats [42] . This indicates the possibility that additional glycosyltransferases may be involved in the folding of EGF repeats, possibly performing somewhat redundant functions. The fact that TSRs and EGF repeats occur as tandem motifs increases the complexity of oxidative folding in the ER, warranting the existence of multiple dedicated chaperones or quality control mechanisms.
The emergence of novel and interesting roles for glycosylation in protein folding represent a change in perception of both post-translational modifications and chaperones. Structural and functional studies of Pofuts enable design of specific inhibitors, which could be therapeutically valuable in treatment of diseases caused by mutations in Pofut targets. Approaches combining new chemical tools such as azidealkyne cycloaddition and genetics (e.g. tissue specific deletion, mosaic models) will yield better understanding and more discoveries in this field.
